Light-matter interaction in two-dimension photonic materials [1] [2] [3] [4] [5] allows for confinement and control of free-space radiation on sub-wavelength scales 6 . Most notably, the van der Waals heterostructure obtained by stacking graphene (G) and hexagonal Boron Nitride (hBN) can provide for hybrid 2 hyperbolic plasmon phonon-polaritons (HP 3 ) 7, 8 . Here, we present a polariton diode effect and low-bias control of HP 3 modes confined in G-hBN. Using broadband infrared synchrotron radiation coupled to a scattering-type near-field optical microscope [9] [10] [11] , we launch HP 3 waves over both hBN Reststrahlen bands 12 and observe the unidirectional propagation of HP 3 modes at in-plane heterointerfaces associated with the transition between different substrate dielectrics. By electric gating we further control the HP 3 hybridization modifying the coupling between the continuum graphene plasmons and the discrete hyperbolic phonon polaritons of hBN as described by an extended Fano model [13] [14] [15] . This is the first demonstration of unidirectional control of polariton propagation, with break in reflection/transmission symmetry for HP 3 modes. G-hBN and related hyperbolic metamaterial nanostructures can therefore provide the basis for novel logic devices of on-chip nano-optics communication and computing.
SPP momentum 28 . By configuring the G-hBN/Au heterostructure as a gate-controlled device (Fig. 1a) , we externally modulate the graphene plasmons and achieve fine tuning of the optical response of the type I HP 3 s (Fig. 2) . We see reflection of the HP 3 modes in the hBN crystal at the transitions between air to Au substrates ( Fig. 3-4 ). Such reflection is caused by a mismatch between the HP 3 wavevectors and a corresponding change in mode volume for both type I and type II bands. In fact, air and Au modify the dielectric environment of the hBN crystal. As a result, G-hBN/Au and G-hBN/air form a diode-like junction for polaritons that, asymmetrically, regulates the power flow of the HP 3 modes. The G-hBN heterostructure is assembled onto SiO2, Au stripes, and across air gaps by standard mechanical exfoliation using adhesive tape (for details see methods and Refs. 29, 30 ). The flatness and quality of the hBN and graphene surfaces were characterized through a combination of optical microscopy, atomic force microscopy (AFM), and Raman spectroscopy. An electrode on top of the graphene region allowed for charge injection by tuning the gate voltage as illustrated (Fig. 1a) . The graphene is identified by the AFM topography (Fig. 1b) Figs. 2a-c show SINS point spectra acquired at the device locations indicated in the respective insets. The spectra in Fig. 2a , taken on the hBN/SiO2 structure with and without graphene, are
characterized by three resonances assigned to the hBN type I band (650 -820 cm -1 ), SiO2 surface phononpolariton near 1130 cm -1 , and hBN type II band (1365 -1610 cm -1 ). The type I band presents increase in intensity for the G-hBN structure due to the HP 3 coupling as seen previously 8 . In the Fig. 2b for air substrate, the type II band is dominant. Yet, on G-hBN/air the type I band is more intense than in hBN/air. Concerning the type II band, the comparison of hBN/SiO2 and G-hBN/SiO2 spectra ( Fig. 2a) reveals that graphene prompts a slight blue shift to the transverse optical (TO) mode frequency at 1365 cm -1 . The hBN/air and G-hBN/air (Fig. 2b) , however, exhibit increased intensities with respect to both SiO2 (Fig. 2a) and Au (Fig. 2c) . As shown in the Figure 4c and 
We use eq. 2 to fit, with good agreement, the type I band of the G-hBN spectra on the different substrates ( Fig. 2d) , and the G-hBN/Au spectra for different gate voltages ( (Fig. 3b) . The type II HP 3 modes, within 200 nm from the air-Au substrate transition, feature on the air side an intensity increase/depletion similar to the one observed in Fig. 3d and 3f related to edge-reflected type II modes. Yet, the HP 3 modes of type I present intensity increase/depletion from the vicinity of the air-Au transition (red arrows), on the Au side (Fig. 3b) . As mentioned, to date, such patterns in spectral linescans have been exclusively ascribed to standing waves formed by tip-launched circular waves that propagate, reflect and interfere with incoming ones 22 . Hence, the analogy of spectral linescans of G-hBN on the air-Au metasurface (Fig. 3b) , hBN/SiO2 (Fig. 3d ) and hBN/Au (Fig. 3f ) permit attributing the intensity increase/depletion near the air-Au junction to reflection of HP 3 modes. Moreover, such effect can be modulated via gating (see Supplementary Information).
Hence, from a qualitative understanding, reflection of the in-plane polarized modes (type II modes) occurs when approaching the air-Au substrate transition from and air side (Fig. 3a) . On Au side, the reflection of this band is minorized because of the higher confinement of the type II HP 3 modes on this substrate and unfavorable mode coupling at the metasurface, as explained by the reflection coefficient model in the Fig. 4d . The opposite trend is noted in the type I band: the reflection of the outof-plane modes occurs, prominently in the Au region and very moderately on the air side. (Fig. 4c) . Note that the asymmetry of the multimode power flow due to the mismatch of the polariton mode structure does not constitute Lorenz nonreciprocity, i.e., asymmetry in the scattering matrix between each pair of modes. There is no reason for the violation of Lorenz reciprocity since our system is linear, time-independent, and has no magnetic field applied. 35 We calculate the frequency-momentum dispersion relation for the type II HP 3 s for Au and air substrates (Fig. 4c) Whereas, the same process originated from the opposite side is much less efficient (see also ref. 35 ).
To compute the expected polariton reflection properties, we consider in-plane polarized polariton modes travelling from a region with in-plane polariton momenta into a region with different momenta ′ . Since the tip primarily excites the n = 1 mode, we only consider the transmission of the mode with momentum 1 across the substrate interface. In this case, the polariton reflection coefficient can be approximately calculated as
eq. 3 where the product is over mode indices up to integer s 39 . To simplify the calculation, we neglect contributions from mode indices with > 2, since the first two modes with the smallest momenta will dominate the reflection coefficient. The results are shown in Fig. 4d . The calculated reflection coefficients show pronounced asymmetry, with higher values for polaritons travelling from a low-momentum region to a high-momentum region. This is because polaritons with low 1 can only efficiently couple to the lowest polariton branch with momentum 1 ′ . However, for the case where 1 ′ < 1 < 2 ′ , there is significant transmission into both polariton branches. While the excitation of the n = 2 mode has been observed previously 40 , its excitation efficiency and, therefore, its role in the diode behavior is weak compared to the n = 1 mode. Thus, there is better coupling efficiency for polaritons travelling from a high momentum region to a low momentum region. This steers to strong reflection of type II modes when travelling from the air region to the hBN/Au region, and conversely, of type I modes travelling from the Au to the air substrates.
The diode prediction is further attested by a quantitative analysis of the narrow band intensity maps (Fig. 4a) extracted from the narrow-band intensity maps, obtained from a hyperspectral image (see 
Methods
The Au stripes (60 nm thick) were designed by standard electron-beam lithography and thermal metal deposition. In sequence, single layer of mechanically exfoliated graphene was transferred atop of hBN flake forming the G-hBN/SiO2, G-hBN/Au and G-hBN/air heterostructures constructing the sample structure shown in Fig 1a. The graphene partially covered the flake leaving areas with bare hBN.
After each material transference, the sample was submitted to thermal annealing at 350 °C with constant flow of Ar:H2 (300:700sccm) for 3.5 h to remove organic residues. The heterostructures measured in the Fig. 2 and 3a corresponded to a 20 nm thich hBN, while, in the Fig. 4 , to a 35 nm thick crystal.
In the IR beamline of the LNLS, the infrared radiation extracted from a 1.67 T bending magnet is collimated (described in the ref. 44 ) and then coupled to a commercial s-SNOM (NeaSnom, Neaspec GmbH). The IR synchrotron beam is focused on the metallic AFM tip shaft (NCPt-Arrow and PtSi-NCH, Nanoworld AG) which works as an extended antenna of about 25 nm apex radius. This antenna, which has a quasi-achromatic response in the mid-IR, is now an evanescent broadband source with dimensions comparable to the tip size. Operating in semi-contact mode AFM (tip frequencies from 250 to 350 kHz), the sample is brought in close proximity to the tip. The optical fields confined in the gap between tip apex and the sample gap generate an mutual polarization with amplitude and phase carrying the local sample dielectric response 45 . A Mercury Cadmium Telluride detector (MCT KLD-0.1, Kolmar Technologies Inc.) is responsible for the detection of the scattered fields from the tip-sample interaction volume. For background suppression, we perform lock-in detection of the MCT signal on the 2 nd and 3 rd harmonics of the tip frequency 46 . Phase-sensitive nano-spectroscopy is obtained by mounting the tip-sample stage in an asymmetric interferometric scheme which is also used to demultiplex the spectral response of the broadband beam in similar fashion as Fourier Transform IR spectroscopy (FTIR) 47, 48 . We used 5 cm 
The Fano model
The Fano effect 1 for graphene systems 2, 3 has been attributed to the interaction of the G band vibration and broadband electronic response giving rise to asymmetric resonances in the infrared absorption spectrum. The analytic expression of the Fano resonance I Fano is given by eq. S1 as a function of the excitation frequency ω, phonon frequency ω 0 , damping Γ, transition dipole strength of coupled mode p, and dimensionless Fano factor f. As commonly understood, f corresponds to the transition dipole strength between the discrete and continuum states. In our systems, the Fano effect arises from the interaction of the hyperbolic phonon-polariton (HPhP) modes of the hBN, which are discrete states, with the surface plasmons from graphene that can be described as broadband electronic oscillations in mid-IR range. Thus, f gives information on the coupling strength of the hybrid hyperbolic plasmon phononpolariton (HP 3 ) modes.
Here, we extend the Fano resonance (eq. S1), which is given for one oscillator, to multiple discrete resonances (eq. S2). This extended expression I HP 3 assumes that the intensity I HP 3 results from the squared modulus of the sum over j discrete phonon resonances, and a complex non-resonant background Anr 4, 5 . Disregarding the background term Anr, eq. S2 converges to the eq. S1 as expected. 
Gate Modulation of the Diode Effect
Spectral linescans on the G-hBN heterostructure bridging Au and air for +4V and -4V gate voltages, respectively, are shown in Fig. S2 a,b . We observe very different shape of the spatio-spectral regions corresponding to the reflection of the HP 3 s for +4 V (Fig. S2a ) and -4V ( The G-hBN/Au and G-hBN/air junction can be seen as a general case of a two-dimension crystal lying onto a metasurface composed of media 2 and 3 ( Figure S4 ). These media influence the dielectric environment creating media 1 and 2 in the crystal. Far-field excitation, typically, illuminates a large area on the sample inducing the antenna effect to all sharped structures into the radiation volume 6 .
These antennas confine free-space radiation in the form of near-field and are able to launch polaritonic waves whose type, e.g., circular or plane waves, is determined to the geometry of the structure. The resulting optical field ξ opt is given by the interference of all those waves in the polaritonic medium. The ξ opt mode structure will be defined by the most efficient launcher structures.
In our case, media 1, 2, 3 and 4 are, respectively, G-hBN/air, G-hBN/Au, air and Au. The main launchers are the metalized AFM tip and Au edges. Considering the reference frame in the Figure S4b for the waves in the G-hBN/air, the tip optical field ξ Tip (eq. S3, the same as eq. 4 of the main paper) is given by circular waves a and a′ (first and second terms in eq. S3), from the tip at x, that propagate to +/-x directions and reflect, at the junctions at x = 0, L, as r × a and r × a′ waves (third and fourth terms in eq. S3) carrying the air→Au reflection coefficient r. Tip-launched waves have amplitude A and phase α, whilst, reflected waves present amplitude r × A and phase α + π. The optical field ξ Au (eq. S4, the same as eq.
5 of the main paper) is composed plane waves c and c' (first and second terms in the eq. S4), from the edges at x = 0, L, carrying the amplitude B and phase β. All waves possess the same complex momentum Q = q + iκ. Hence, tip and Au edges produce ξ Opt = ξ Tip + ξ Au edges which is the near-field scattered by the tip. |ξ Opt | 2 is the intensity at the detection whose equation is the used in the fittings of the Fig. 4b of the main paper. Note that this picture remains valid for the tip on the G-hBN/Au with the Au→air reflection coefficient in this case. The model-extracted amplitudes, complex momenta and reflection coefficients allow us to obtain the launcher efficiency for the tip = 2 [2 (1 + )] 2 and the Au edges = 2 , which are addressed in the main manuscript. Likewise, we are able to provide the damping of each type II HP 3 wave for the two substrates in the Table S1 . 
